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Abstract
RNA silencing and suppression of silencing are host and virus interactions for defense and counter-defense. Here, we explored the function
effect of HC-Pro encoded by Sugarcane mosaic virus (SCMV) on the suppression of RNA silencing. siRNA northern blotting assay indicated that
the replication of SCMV was regulated by host RNA silencing machinery. Co-expression assay demonstrated that the HC-Pro encoded by SCMV
suppressed the RNA silencing induced by sense RNA and dsRNA. Transitive RNA silencing assay showed that HC-Pro down-regulated the
accumulation of 3′ secondary siRNA, but not 5′ secondary and primary siRNA. Meanwhile, the 2b gene of Tomato aspermy cucumovirus (Tav)
evidently down-regulated the accumulation of 5′ secondary siRNA. Importantly, we found that HC-Pro and Tav2b down-regulated the
accumulation of RDR6 mRNA. Thus, HC-Pro, an RNA silencing suppressor encoded by SCMV, regulates the accumulation of different siRNAs
and has more than one target in the RNA silencing pathway.
© 2008 Elsevier Inc. All rights reserved.Keywords: RNA silencing suppressor; Sugarcane mosaic virus; HC-Pro; 2b; 3′ secondary siRNA; 5′ secondary siRNA; RDR6Introduction
RNA silencing is a sequence-specific RNA regulatory
process that takes place inmany eukaryotic organisms, including
posttranscriptional gene silencing (PTGS) in plants and RNA
interference (RNAi) in animals (Baulcombe, 1999; Ding, 2000;
Fire et al., 1991). It is important for host defense against invasive
nucleic acids, such as viruses, transposons and transgenes
(Lippman et al., 2004; Napoli et al., 1990; Voinnet, 2005a).
Recent studies have also shown that RNA silencing plays an
important role in regulating gene expression via microRNA
(miRNA), trans-acting siRNA (tasiRNA) and natural antisense⁎ Corresponding author. Fax: +86 10 62754427.
E-mail address: liyi@pku.edu.cn (Y. Li).
0042-6822/$ - see front matter © 2008 Elsevier Inc. All rights reserved.
doi:10.1016/j.virol.2007.12.045transcript siRNA (nat-siRNA) (Ambros, 2004; Borsani et al.,
2005; Carrington and Ambros, 2003; Peragine et al., 2004).
RNA silencing is induced by the accumulation of double-
stranded RNA (dsRNA) which is subsequently digested by a
complex of the RNase III-like enzyme Dicer into 21–24
nucleotide small RNAs (Bernstein et al., 2001; Deleris et al.,
2006; Dunoyer et al., 2005; Fire et al., 1998; Hamilton et al.,
2002; Xie et al., 2004). One strand of these small RNAs
subsequently incorporates into an argonaute-containing RNA-
induced silencing complex (RISC) and guides RISC to cleave
homologous RNA molecules (Bernstein et al., 2001; Hammond
et al., 2001), resulting in gene-specific cleavage.
Transitive RNA silencing is a target-spreading mechanism
that allows RNA silencing to spread from the initiatory region to
the adjacent ones of the target gene (Alder et al., 2003; Vaistij
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tenance of RNA silencing, the transduction of the silencing
signal, and the biogenic processes of tasiRNA and other small
RNAs (Himber et al., 2003; Peragine et al., 2004; Ronemus,
Vaughn, and Martienssen, 2006; Vaistij, Jones, and Baulcombe,
2002; Yoshikawa et al., 2005). The siRNAs corresponding to
the triggering dsRNA and the adjacent regions are named
primary siRNA and secondary siRNA, respectively.
In Caenorhabditis elegans, RNA silencing spreads only in
the 3′→5′ direction, whereas in plants, RNA silencing spreads
in both directions (Alder et al., 2003; Petersen and Albrechtsen,
2005; Sijen et al., 2001; Vaistij, Jones, and Baulcombe, 2002).
Secondary siRNAs upstream and downstream of the primary
siRNA are termed 5′ secondary siRNA and 3′ secondary siRNA,
respectively. RNA-dependent RNA polymerase (RDR) is indis-
pensable in transitive RNA silencing. Analysis in C. elegans
suggests that the secondary siRNA comes from the comple-
mentary strand synthesized by host RDRs, using target mRNA
as a template and primary siRNAs as primers (Alder et al., 2003;
Sijen et al., 2001). The mutants of SDE1/SGS2/RDR6 in Ara-
bidopsis which resulted in defective synthesis of secondary
siRNA, also suggested that the synthesis of secondary siRNA in
plants relies on the function of RDRs (Himber et al., 2003;
Moissiard et al., 2007; Vaistij et al., 2002). The production of 5′
secondary siRNA in plants may share the same mechanism with
C. elegans (Brodersen and Voinnet, 2006). The 3′ end of the
RNA digested from primary siRNA is apparently recognized as
aberrant RNA, and the production of 3′ secondary siRNA in
plants may be initiated through un-primered complementary
strand synthesis byRDRs (Brodersen andVoinnet, 2006; Schiebel
et al., 1993). Alternatively, it is possible that the 3′ secondary
siRNA is synthesized by primer-dependent RDRs using anti-
sense transcripts as template (Herr and Baulcombe, 2004).
Most viruses produce dsRNA in their replication cycle, which
production triggers the sequence-specific degradation of their
genomic RNAs by RNA silencing. To counteract host RNA
silencing, viruses have evolved diversified mechanisms, with
the encoding of RNA silencing suppressors (RSS) being the
most common one (Ding, 2000; Ding et al., 2004; Ding and
Voinnet, 2007; Roth et al., 2004; Voinnet, 2005a). In recent
years, numerous RSSs have been identified in many plant
viruses and some animal viruses (Anandalakshmi et al., 1998;
Brigneti et al., 1998; Kasschau and Carrington, 1998; Li and
Ding, 2006; Voinnet, 2005a). Although the HC-Pro protein of
Tobacco etch potyvirus (TEV) is one of the first identified
RNA silencing suppressors, its true target toward the pathway of
RNA silencing is still unidentified. The results from different
experimental systems have indicated a variety of mechanisms.
Early transgenic system and virus-infected systems have showed
HC-Pro can reverse established RNA silencing (Anandalakshmi
et al., 1998; Brigneti et al., 1998; Llave et al., 2000; Voinnet
et al., 1999). Northern blotting analysis indicated that HC-Pro
prevents the degradation of mRNA and dsRNA. Moreover, it
also down-regulated the accumulation of primary and secondary
siRNA (Chapman et al., 2004; Dunoyer et al., 2004; Kasschau
et al., 2003; Mallory et al., 2002; Mlotshwa et al., 2005;
Moissiard et al., 2007). These results suggest that HC-Pro mayimpair the cleavage functions of Dicer and RISC, which are
consistent with the latest results that showHC-Pro binds siRNAs
and dsRNA (Lakatos et al., 2006; Merai et al., 2006).
Potyviridae is a large family of plant viruses including viruses
infecting dicots and monocots, although viruses from this family
do exhibit similarities in genome arrangement and gene se-
quences, the functions of the specific genes are diversified
(Urcuqui-Inchima, Haenni, and Bernardi, 2001). Sugarcane
mosaic virus (SCMV) is a member of the SCMV subgroup in the
Potyvirus genus of the Potyviridae family (Shukla et al., 1992;
Shukla and Ward, 1989). Unlike other potyviruses that infect
dicotyledon plants, such as TEV, Potato virus Y (PVY), and
Turnip mosaic virus (TuMV), SCMV infects maize, sugarcane,
sorghum, and other poaceous plants (Zhong et al., 2005). Recent
study has shown that the HC-Pro gene encoded byTEV, PVY, and
TuMV are RNA silencing suppressors, but there is no report
concerning HC-Pro from SCMVas a RSS (Anandalakshmi et al.,
1998; Brigneti et al., 1998; Chapman et al., 2004; Dunoyer et al.,
2004; Kasschau andCarrington, 1998; Kasschau et al., 2003). It is
therefore worthwhile to study whether SCMV HC-Pro, the
protein from the potyvirus infectingmonocots, is an RSS and how
it suppresses RNA silencing. Here, we demonstrate that HC-Pro
of SCMV is an RSS and functions downstream in dsRNA
formation. More importantly, we found that HC-Pro of SCMV
down-regulates the accumulation of 3′ secondary siRNA and host
RDR6 mRNA, but not primary and 5′ secondary siRNA. Tav2b
down-regulates the accumulation of 5′ secondary siRNA and host
RDR6 mRNA, but not 3′ secondary siRNA.
Results
The replication of SCMV is regulated by the host RNA silencing
system
siRNA is the hallmark of RNA silencing, and virus-specific
siRNA accumulate in certain virus-infected tissues. Using
probes complementary to the CP and HC-Pro sequences,
northern blotting analysis showed that there were large amounts
of virus-specific siRNA in systemic leaves infected with SCMV
(Fig. 1A, lane 3 and lane 4). In contrast, the accumulation of
virus-specific siRNA in control leaves could not be detected
(Fig. 1A, lane 1 and lane 2). Interestingly, there were only 21-nt
and 22-nt virus-specific siRNAs accumulating in maize infected
with SCMV, while the 24-nt virus-specific siRNA was almost
undetectable. These data indicate that the replication of SCMVis
regulated by an RNA silencing mechanism.
The successful infection of maize by SCMV was examined
by northern blotting and Western blotting. Using the same CP
and HC-Pro probes, we detected that virus genomic RNA
accumulated in large amounts in the virus-infected maize leaves
but not in the control leaves (Fig. 1B). Western blotting analysis
also showed significant accumulation of SCMV CP protein in
the SCMV-infected maize (Fig. 1C, lane 3 and lane 4) but not
the control leaves (Fig. 1C, lane 1 and lane 2). Here, the
accumulation of large amounts of virus genomic RNA and CP
protein suggested that SCMV may have developed a certain
strategy to overcome the RNA silencing system.
Fig. 1. The replication of SCMV is regulated by a host RNA silencing
mechanism. Four-leaf stage maizes were mechanically inoculated with SCMV.
The total RNAs and proteins were extracted from both SCMV-infected and
mock-inoculated plants for RNA and protein analysis. (A) Northern blotting
analysis using either the CP or HC-Pro probe, showing the accumulation of
SCMV specific siRNAs in virus-infected Zea mays. The ethidium bromide-
stained tRNA was used as the loading control. (B) Northern blotting analyzed
the SCMV genomic RNA accumulation. 28s rRNA stained by ethidium bromide
served as the loading control. (C) Western blotting analysis using anti-CP
(SCMV) polyclonal antiserum revealed large amounts of virus accumulation in
the SCMV-infected Z. mays. Coomassie blue stained Rubisco proteins were
used as the loading control.
Fig. 2. RNA silencing suppressed by SCMV HC-Pro in the sense RNA-induced
RNA silencing system. The N. benthamiana line WT (N.ben) and line 16c (16c)
were co-infiltrated with Agrobacterium strain expressing GFP and vector (V) or
other constructs, as indicated. (A) GFP fluorescence was imaged under UV
light at 5 d.p.i. (B) Northern blotting analysis of GFP mRNA and siRNA
accumulation in agroinfiltrated patches of (A). The ethidium bromide-stained
28s rRNA and tRNA were used as mRNA and siRNA loading controls,
respectively. (C) Western blotting using anti-HC-Pro polyclonal antiserum,
showing the HC-Pro protein expressed in N. benthamiana 16c and Escherichia
coli. Coomassie blue stained Rubisco proteins were used as the loading control.
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suppressor
The HC-Pro proteins of TEV, PVY, and TuMV have already
been identified as RSSs. To determine whether the SCMV HC-
Pro protein could also suppress RNA silencing, Agrobacterium
infiltration system was employed to transiently co-express
multiple proteins. In this system, the Agrobacterium strains
carrying 35S-GFP were mixed with another strain carrying
either a test or a control construct and co-infiltrated into leaves
of Nicotiana benthamiana line 16c. The construct expressing
Tav2b and the empty vector were used as positive and negative
controls, respectively.A GFP image showed that HC-Pro protein suppresses the
GFP fluorescence decline. Compared with the uninfiltrated
areas, the infiltration zones exhibited bright fluorescence 2 or
3 days post-infiltration (d.p.i.) due to the transient GFP expres-
sion (result not shown). In the zone of the leaves co-infiltrated
with GFP and the empty vector, GFP fluorescence intensity
reached its peak at 3 d.p.i., and then declined quickly over the
next 2 days. At 5 d.p.i., the infiltration area became red (Fig. 3A),
which is awell known phenomenon ofGFP silencing. In addition,
RNA silencing induced the co-suppression of endogenous genes,
and that is why the infiltration zones were darker than the non-
infiltrated areas. In contrast, GFP fluorescence intensity in the
tissue co-infiltrated with GFP and either Tav2b or HC-Pro of
Fig. 3. SCMV HC-Pro suppresses RNA silencing induced by dsRNA.
N. benthamiana line WT (N.ben) and line 16c (16c) were co-infiltrated with
Agrobacterium strain expressing sense GFP, dsGFP, and vector (V) or other
constructs, as indicated. (A) GFP fluorescence was imaged under UV light at
5 d.p.i.. (B) Northern blotting analysis of GFP mRNA and siRNA accumulation
in agroinfiltrated patches. The ethidium bromide-stained 28s rRNA and tRNA
were used as the mRNA and siRNA loading controls, respectively.
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Moreover, the GFP fluorescence only slightly declined after its
peak at 3 d.p.i. and remained a strong bright green at 5 d.p.i.,
whereas the GFP fluorescence intensity in the area expressing
HC-ProNT, which contains an early termination in the frame, was
almost the same as the empty vector-infiltrated area (Fig. 2A).
The subsequent RNA blot analysis revealed that the
enhancement and maintenance of GFP fluorescence resulted
from the high level of accumulation of GFP mRNA (Fig. 2B,
top panel). The GFP mRNA level was much higher in leaves co-
infiltrated with GFP and either Tav2b or HC-Pro than those with
GFP and either the vector or HC-ProNT.
To confirm the observed mRNA declination was the result of
RNA silencing, we also studied the GFP siRNA accumulation
in infiltrated leaves. Northern blotting analysis showed high
levels of siRNA accumulation in the tissues co-infiltrated with
GFP and either the vector or HC-ProNT (Fig. 2B). Interestingly,
there were also large amounts of siRNA accumulated in the
leaves infiltrated with either Tav2b or HC-Pro. The level of
siRNA in the Tav2b expressed leaves was lower than in the
controls, which suggests that Tav2b genuinely down-regulated
the siRNA accumulation. The siRNA accumulation in HC-Pro
expressing samples was stronger than in the negative controls.
Western blotting analysis also confirmed that the function of
HC-Pro as a RNA silencing suppressor was directly correlated
with its protein expression (Fig. 2C).
In conclusion, SCMV HC-Pro suppresses the RNA silencing
induced by sense RNA. Furthermore, HC-Pro does not down-
regulate siRNA accumulation in the sense RNA-induced RNA
silencing system.
HC-Pro suppresses the RNA silencing induced by dsRNA
dsRNA is the direct inducer of RNA silencing, and therefore
the study of RSS function on dsRNA-induced RNA silencing
would be helpful in confirming the RSS target. Here, we also
employed the Agrobacterium infiltration system to transiently
co-express 35S-GFP with test and control constructs by adding
one Agrobacterium strain containing the 35S-dsGFP construct
(GFP IR) into the mixture as an RNA silencing inducer. The
35S-Tav2b and the empty vector were also used as positive and
negative controls, respectively.
A GFP imaging assay indicated that HC-Pro suppressed the
decrease in GFP fluorescence induced by dsRNA. Bright GFP
fluorescence emerged in the zone co-infiltrated with 35S-GFP+
35S-dsGFP and either Tav2b or HC-Pro at 2 or 3 d.p.i., with the
fluorescence in the area of HC-Pro expression being much
stronger than Tav2b expression. The GFP fluorescence decreased
slowly and remained bright green at 5 d.p.i. (Fig. 3A). However,
in the zone co-infiltrated with 35S-GFP+35S-dsGFP and either
the empty vector or HC-ProNT, the background GFP fluores-
cence did not increase during the first 3 d.p.i., declining gradually
thereafter. The background fluorescence in these areas disap-
peared almost completely at 5 d.p.i., and dark red zones were
observed in the assay leaves (Fig. 3A).
GFP mRNA blotting analysis revealed that the enhanced GFP
fluorescence was due to the inhibition of mRNA degradation. By5 d.p.i., GFP mRNA still accumulated to a much higher level in
the leaves co-infiltrated with 35S-GFP+35S-dsGFP and either
Tav2b or HC-Pro. At the same time, we could not detect any GFP
mRNA accumulation in the leaves co-infiltrated with 35S-GFP+
35S-dsGFP and either the empty vector or HC-ProNT (Fig. 3B).
To investigate how HC-Pro suppressed the GFP silencing
induced by dsRNA, we monitored the GFP siRNA accumula-
tion in infiltrated leaves. There was a high level of siRNA
accumulation in each infiltrated sample. The siRNA level in
leaves infiltrated with Tav2b was lower than that in other
samples, but that in the leaves infiltrated with HC-Pro was
stronger than that in negative controls (Fig. 3B).
Based on the above results, we conclude that HC-Pro
suppresses the RNA silencing induced by dsRNA and acts
downstream of dsRNA formation. However, it does not down-
regulate the siRNA accumulation induced by dsRNA.
HC-Pro down-regulates the accumulation of secondary siRNAs
and host RDR6
To further investigate the function of HC-Pro in suppressing
RNA silencing, especially on the regulation of the siRNA accu-
mulation, we analyzed the accumulation of the secondary siRNA
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covering the 10–435 nt fragments and 35S-dsP covering the
439–720 nt fragment of GFP to trigger RNA silencing. We also
employed the Agrobacterium infiltration system to transiently
co-express 35S-dsGF/P with HC-Pro and the control constructs.
Using dsGF RNAi vector, we firstly detected the function of
HC-Pro on regulating 3′ secondary siRNA accumulation. The
amount of GF siRNA in the HC-Pro expressed tissues was 0.7-
fold over controls, suggesting that HC-Pro did not down-Fig. 4. Effect of HC-Pro on secondary siRNA and host RDR6 mRNA accumulation. (
siRNA detection. (B) Northern blotting analysis of the RNAs from the N. benthamia
4 d.p.i. The GF and P probes were used to detect the primary siRNAs (GF siRNA) a
tRNAwas used as the siRNA loading control. The RAvalue indicates the relative abu
indicates the relative value of the GF siRNAwith respect to the P siRNA in the same
secondary siRNA (GF siRNA) induced by dsP. The ethidium bromide-stained tRN
abundance of the sample siRNA compared with the control siRNA. The P/GF value in
same tissues. (D) Northern blotting analysis of the RDR6 mRNA accumulation in
constructs indicated. 30 μg of total RNA from each of the samples were used here.regulate the accumulation of primary siRNA. The level of GF
siRNA in Tav2b expression area was 0.7-fold of that in the
controls (Fig. 4B). The 3′ secondary siRNA accumulation was
monitored using a probe corresponding to the P region. A large
amount of P siRNAwas detected in the negative control samples,
demonstrating efficient 5′→3′ transitive silencing had occurred
(Fig. 4B). However, the P siRNA in HC-Pro expressed tissues
was almost undetectable, which suggests that HC-Pro impaired
the accumulation of 3′ secondary siRNA. The P siRNA in theA) Description of the inducers and probes used in the experiments for secondary
na 16c leaves co-infiltrated with dsGF and vector (V) or constructs indicated at
nd 3′ secondary siRNA (P siRNA), respectively. The ethidium bromide-stained
ndance of the sample siRNA compared with the control siRNA. The GF/P value
tissues. (C) Northern blotting analysis of the primary siRNA (P siRNA) and 5′
A was used as the siRNA loading control. The RA value indicates the relative
dicates the relative value of the P siRNAwith respective to the GF siRNA in the
tissue co-infiltrated with Agrobacterium strain expressing with dsGF/P and the
The ethidium bromide-stained 28s rRNA was used as the loading control.
356 X. Zhang et al. / Virology 374 (2008) 351–360Tav2b expression tissues was up to 0.9-fold that in negative
controls and the GF/P value was 1.2, suggested that Tav2b did
not especially impair the accumulation of 3′ secondary siRNA.
Using a dsP RNAi vector, we analyzed the functional effects
of HC-Pro from SCMV and Tav2b on the accumulations of 5′
secondary siRNA. The amount of P siRNA (primary siRNA) in
HC-Pro and Tav2b expressed tissues was 1.1-fold and 0.8-fold
of that in controls (Fig. 4C). A large amount of GF siRNA (5′
secondary siRNA) was detected in the negative control samples,
demonstrating efficient 3′→5′ transitive silencing had occurred
(Fig. 4C). The GF siRNA in Tav2b expression tissues was very
low, suggested that Tav2b especially impairs the accumulation
of 5′ secondary siRNA. The level of GF siRNA in HC-Pro
expressed tissues did not decrease significantly (0.8-fold of the
negative control samples and the P/GF value was 1.6), which
suggests that HC-Pro did not strongly decrease the accumula-
tion of 5′ secondary siRNAs.
RDR6 plays an important role in transitive RNA silencing and
the production of secondary siRNA (Himber et al., 2003;
Moissiard et al., 2007; Vaistij, Jones, and Baulcombe, 2002).
Using northern blotting analysis, we examined the accumulation
of RDR6 in different samples. As shown in Fig. 4D, the accumu-
lation of RDR6 mRNA was undetectable in non-infiltrated 16c
plants. Co-infiltration of dsRNA with the vector and GUS (theFig. 5. Alignment and phylogenetic tree analyses of the HC-Pro proteins encoded
proteins from TuMV (Q02597), PVY (NP734244), TEV (NP062908) and SCMV (AY
in red and blue. (B) Phylogenetic tree analyses of the HC-Pro proteins with RNA sile
branching was found in 100 bootstrap analysis.expression of GUS protein was confirmed by histochemical
analysis, results not shown) induced the accumulation of RDR6
and the expression of HC-Pro and Tav2b down-regulated the
accumulation of RDR6mRNA. The experiment was repeated for
3 times and similar or almost identical results were obtained. As
each of these RSSs suppresses only one different kind of
secondary siRNA, and RDR6 is essential in the accumulation of
both kinds of secondary siRNA (Moissiard et al., 2007), the
down-regulation of RDR6 in Fig. 4D might not be a direct effect
of the secondary siRNA decrease displayed in Fig. 4B and C.
Discussion
The RNA silencing system in eukaryotic organisms func-
tions as a conserved defense mechanism against viral infection
and proliferation. In this work, we found that the replication of
SCMV is regulated by a host RNA silencing mechanism
(Fig. 1A). The HC-Pro encoded by SCMV suppresses sense
RNA and dsRNA-induced RNA silencing. It prevents the
degradation of GFP mRNA, but does not inhibit the accumula-
tion of siRNA (Figs. 2B and 3B). Moreover, SCMV HC-Pro
down-regulates the accumulation of 3′ secondary but not 5′
secondary and primary siRNAs (Fig. 4B, C). Our results also
suggest that SCMV HC-Pro may impair the accumulation ofby potyvirus using DNAMAN 4.0. (A) Alignment of the potyviruses HC-Pro
569692). Identical residues are marked in black and similar residues are marked
ncing suppression function. The bootstrap values noted represents the times each
357X. Zhang et al. / Virology 374 (2008) 351–360RDR6 (Fig. 4D). In short, these results indicate that SCMVHC-
Pro is an RSS that regulates the accumulation of siRNA in
different ways, and may have more than one target in the RNA
silencing pathway.
A number of RSSs have been identified, these suppressors
share no obvious sequence or structure similarity. Even viruses
in the same family may encode different suppressors. For
example, Tomato bushy stunt virus, Pothos latent virus, and
Turnip crinkle virus, i.e., the different members of Tombus-
virus, express p19, p14, and CP, as suppressors, respectively
(Merai et al., 2005; Qu et al., 2003; Voinnet et al., 1999).
Different members of Geminivirus also express AC2 or AC4 as
an RNA silencing suppressor (Trinks et al., 2005; van et al.,
2002; Vanitharani et al., 2004; Voinnet et al., 1999; Wang et al.,
2005). The Beet yellows virus of Closterovirus expresses p21 as
a suppressor, while another member of Closterovirus, Citrus
tristeza virus, expresses p20, p23, and CP as suppressors (Lu
et al., 2004; Reed et al., 2003). Previous reports showed that
TEV, PVY, and TuMV all express the HC-Pro protein as an
RNA silencing suppressor (Anandalakshmi et al., 1998;
Brigneti et al., 1998; Kasschau and Carrington, 1998; Kasschau
et al., 2003). The latest results showed that the Cucumber vein
yellowing virus (CVYV) of Potyviridae family encodes a
second copy of the P1 serine protease as an RNA silencing
suppressor (Valli et al., 2006). As shown in Fig. 5, amino acid
alignment and phylogenetic tree analysis also show that the
similarity among the HC-Pro proteins of TEV, PVY, and TuMV
is much stronger than that between the HC-Pros of SCMV and
these three viruses (Fig. 5). In this research, we show that HC-
Pro from SCMV also prevents the degradation of GFP mRNA
(Figs. 2B and 3B), which suggests that SCMV HC-Pro is also
an RNA silencing suppressor and may inhibit the cleavage
function of RISC. This result is inconsistent with previous
findings with respect to other HC-Pro proteins (Chapman et al.,
2004). Therefore, the HC-Pro gene of potyviruses appears to be
more conserved than some other RSSs.
Earlier reports had indicated that TEV HC-Pro and TuMV
HC-Pro prevent or largely eliminate siRNA accumulation in
transgenic plants (Dunoyer et al., 2004; Llave et al., 2000;
Mallory et al., 2001, 2002). However, our results clearly show
that SCMVHC-Pro does not down-regulate the accumulation of
the primary siRNA (Figs. 2B, 3B and 4), which is consistent with
recent studies performed on transient expression or protoplast
systems (Johansen and Carrington, 2001; Lakatos et al., 2006;
Qi et al., 2004). Further support comes from the results of
SCMV-infected Z. mays, in which high amounts of virus-
specific siRNAs and HC-Pro protein were detected (Fig. 1).
Thus, differences in siRNA accumulation may result from the
use of different systems. It is interesting that there are only 21
and 22 nt virus-specific siRNA accumulation forms in SCMV-
infected Z. mays (Fig. 1A). Furthermore, there was no 24 nt size
P siRNA accumulation in HC-Pro expression tissues (Fig. 4).
These results indicate that HC-Pro may inhibit the function of
DCL3, which is important in 24 nt siRNA accumulation (Xie
et al., 2004).
Both plants and worms encode RDRs and support non-cell
autonomous silencing (Palauqui and Vaucheret, 1995; Voinnet,2005b). Thus, the lack of the 3′ secondary siRNAs in worms
suggests a role of 5′ secondary siRNAs in the non-cell auton-
omous silencing (Alder et al., 2003; Petersen and Albrechtsen,
2005; Sijen et al., 2001; Vaistij et al., 2002). Previous results
have identified that non-cell autonomous silencing is effectively
suppressed by 2b, but not by HC-Pro (Guo and Ding, 2002;
Mallory et al., 2003). Here, we show that the accumulation of 5′
secondary siRNA is down-regulated by Tav2b, but not by
SCMV HC-Pro (Fig. 4), which may provide experimental
evidence supporting a role for the 5′ secondary siRNA in the
non-cell autonomous silencing and explains why 2b and HC-
Pro exhibit contrasting activity in the suppression of non-cell
autonomous silencing. Moreover, these results also suggest that
the mechanism of production of 3′ secondary siRNA and 5′
secondary siRNA is different.
The effect of down-regulation of HC-Pro and Tav2b on
RDR6 is insufficient to explain the differing secondary siRNA
down-regulation by these RSSs, for RDR6 is important in both
5′ and 3′ secondary siRNA accumulation (Moissiard et al.,
2007). The effect of 2b is consistent with a recent genetic study
which suggested that RDR1-dependent viral siRNA accumula-
tion is suppressed by 2b in Arabidopsis, and may be explained
by its functional effect on DCL2 and DCL4, which are
indispensable for 3′ secondary siRNA production (Diaz-Pendon
et al., 2007; Moissiard et al., 2007). Certain proteins, such as
XRN4, which are involved in 3′ but not 5′ secondary siRNA
accumulation, may be affected by HC-Pro, resulting in 3′
secondary siRNA down-regulation (Gazzani et al., 2004). The
3′ end of the mRNA cleaved by RISC is decapped mRNA,
which may be used as the template for the RDR which is
indispensable for 3′ secondary siRNA formation. Alternatively,
HC-Pro may modify the end of these mRNAs, resulting in 3′
secondary siRNA down-regulation (Ebhardt et al., 2005). Our
results indicated that besides the 21 nt size siRNA, there are 22
and 24 nt size secondary siRNA forms accumulating in co-
infiltrated N. benthamiana plants, which is consistent with
previous results obtained in N. benthamiana (Petersen and
Albrechtsen, 2005; Vaistij et al., 2002), but is not consistent
with previous results in Arabidopsis (Himber et al., 2003;
Moissiard et al., 2007). Thus, the difference in the size of the
secondary siRNA may also result from different systems used.
Previous studies suggested that HC-Pro can reverse
established RNA silencing, the true target of which is still
unknown (Anandalakshmi et al., 1998; Brigneti et al., 1998;
Llave et al., 2000; Voinnet et al., 1999). The silencing of host
RDR6 also reverses established RNA silencing (Schwach et al.,
2005). Here our work suggests that the reversal of RNA
silencing by HC-Pro may be due to its function in reducing
RDR6 transcription.
Materials and methods
Plasmid construction
pWM101-HC-Pro, pWM101-GUS and pWM101-HC-
ProNT constructs were obtained by cloning the HC-Pro, GUS,
and HC-Pro non-translatable mutant, HC-ProNT (the fifth
Fig. 6. Schematic representation of the constructs used in this study. The diagrams
show the binary vector consisting of the left and right borders of the T-DNA
(LB and RB, respectively), CaMV 35S promoter (P35S), CaMV 35 terminator
(T35S), and a gene inserted between the promoter and terminator. The arrow with
the text “stop” in pWM101-HC-ProNT indicates the translation termination site.
The inverted repeat fragments of pJawhol8-RNAi-GFP, pJawhol8-RNAi-GF and
pJawhol8-RNAi-P are separated by an intron (Int).
358 X. Zhang et al. / Virology 374 (2008) 351–360codon of HC-ProNT was replaced by a stop codon), fragments
into pWM101, a binary vector carrying the duplicated cauli-
flower mosaic virus (CaMV) 35S promoter and 35S terminator.
The pE3-GFP and pCambia1300-Tav2b were constructed as
described previously (Cao et al., 2005; Zheng et al., 1997).
These plasmids were respectively electroporated into Agro-
bacterium strain EHA105.
pJawohl8-RNAi-GFP was constructed as described pre-
viously (Cao et al., 2005). pJawohl8-RNAi-GF and pJawohl8-
RNAi-P were constructed by inserting a fragment correspond-
ing to the 10–435 nt and 439–712 nt of the GFP gene into
pJawohl8 RNAi by LR reaction through a pENTR vector
(Invitrogen) (Vaistij et al., 2002). These plasmids were
electroporated into the Agrobacterium strain GV3101 contain-
ing pMP90RK.
All these plasmids were sequenced from both ends to
examine the open reading frames. These constructs are shown in
Fig. 6.
Agrobacterium infiltration and GFP imaging
N. benthamiana line 16c, carrying the GFP ORF, was used
(Brigneti et al., 1998). The plants were grown at 22–24 °C with
16 h light and 8 h dark. The Agrobacterium infiltration was
carried out according to the method described previously
(Hamilton et al., 2002; Johansen and Carrington, 2001). For the
co-infiltration assay, the Agrobacteria carrying constructs of
35S-HC-Pro/35S-HC-ProNT/35S-Tav2b, 35S-GFP, and 35S-
GFPIR/35S-GFIR/35S-PIR were mixed at a ratio of 3:2:1. GFPexpression was detected using a 100-W handheld long-wave
UV lamp (Black Ray model B 100A; UV products) and
photographed with a Nikon D70 digital camera.
Northern blotting analysis
Total RNA from Agrobacterium-infiltrated N. benthamiana
leaves was isolated using Trizol reagent (Invitrogen) according
to the manufacturer's protocol. Total RNA from SCMV-
infected and mock-inoculated Z. mays leaves was insolated in
2× PK buffer with Proteinase K, as described previously
(Lakatos et al., 2004). For gel blot analysis of high molecular
weight RNA, 10 μg total RNA were extracted from infiltrated
leaves and separated on 1% agarose-formaldehyde gels,
transferred to Hybond-N+ membranes, and hybridized with
digoxigenin (DIG)-labeled probes following the instructions of
the DIG system user's guide (Roche). For the detection of small
RNA, the small RNA species and the high molecular RNA
species were separated by 5% polyethylene glycol 8000
(PEG8000) plus 0.5 M NaCl. Ten micrograms of a small
RNA sample were separated on 15% polyacrylamide gels
containing 0.5× TBE and transferred onto Hybond-N+
membranes. The membranes were hybridized with DIG-labeled
DNA probes corresponding to the full-length open reading
frames (ORFs) of SCMV HC-Pro, SCMV coat protein (CP) or
GFP, respectively. DIG-labeled probes corresponding to 10–
435 nt and the 439–720 nt fragments of GFP gene were used to
detect the siRNA triggered by dsGF and dsP. A DIG-labeled
probe corresponding to the 2240–2500 nt fragment of the
RDR6 gene of N. benthamiana was used to detect RDR6
accumulation (Schwach et al., 2005). The hybridization and
detection of siRNAs were performed as described previously
(Cao et al., 2005). For the Western blotting analyses of SCMV
CP and HC-Pro protein expression, the assay was also
performed as described previously (Zheng et al., 2000).
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